Abstract-We propose semitransparent amorphous silicon (a-Si)/organic hybrid photovoltaic (PV) cells that can create distinctive transmission colors exploiting a microcavity-integrated cathode. Our proposed PV devices not only produce easily tunable semitransparent colors with considerably enhanced color purity that shows even wider color gamut than the standard red, green, and blue color spaces of the liquid crystal display (LCD) technologies but generate doubled short-circuit current density as well, as compared with a previous work that relied on strong resonance effects in ultrathin semiconductor layers. We also investigate the influence of the thickness of the reflector and the cavity layer inside the microcavity on both optical and electrical performances of the colored hybrid PV cells. This study holds promise in realizing various applications, including color displays with low power consumption and power generating panels with aesthetic functionality.
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I. INTRODUCTION

M
UCH attention has been devoted in recent years to colored and semitransparent photovoltaics (PV) that could potentially open the door to a myriad of new applications, such as building-integrated PV systems and energy-efficient liquid crystal display (LCD) devices, all of which are not possible with conventional PV platforms due to their unattractive black appearance. A variety of device structures have been suggested to demonstrate the colored PV cells. Dye-sensitized PV has shown its potential in achieving the semitransparent colored PV, which can be enabled by using various dyes [1] . Creating different colors, however, is significantly dependent upon the type of the dyes, dramatically limiting the color tunability. A plasmonic color filter was incorporated with the organic PV devices to produce easily tunable reflective colors [2] . However, an organic material is vastly vulnerable to the solvent, moisture, oxygen, and heat, thereby causing the rapid degradation of the PV performance over time. In addition, the capability of filtering a certain wavelength (i.e., creating the resonance) of this demonstration, which relies on the subwavelength grating-based plasmonic resonance, is highly sensitive with respect to the angle of incidence, thus limiting diverse applications. In order to resolve the aforementioned issues, a hybrid PV scheme capable of producing desired angle-insensitive colors based on strong resonance effects in an ultrathin amorphous silicon (a-Si) semiconductor was proposed and experimentally demonstrated [3] - [5] . Such an angle invariant property, which is highly beneficial to the PV performance, is enabled by the negligible propagation phase shift and the phase cancellation effect [6] - [9] . However, it is difficult for the a-Si material to absorb visible wavelengths beyond 700 nm due to its large bandgap, and more importantly, the a-Si film thickness needs to be less than 40 nm to make the strong resonance behavior at the visible wavelengths, both of which certainly lead to the lower power conversion efficiency. Moreover, it is extremely hard to attain a sharp resonance when creating the resonance in a highly absorbing material, which results in a markedly degraded color purity. Hence, there is a strong need to develop a new scheme that can enhance both optical and electrical performances of the colored and semitransparent a-Si PV cells. Here, we propose a dual-functional ultrathin semitransparent hybrid PV device by utilizing the fundamental Fabry-Perot resonance mode in a microcavity-embedded cathode consisting of a metal-dielectric-metal (MDM). The color gamut of the proposed devices is wider than that of standard red, green, and blue (sRGB) color spaces of the LCD systems, thus achieving greatly improved color purity, and the different transmission colors can be readily attained by varying the thickness of the dielectric layer in the cathode. The devices transmit a very narrow band of the solar spectrum in order to create the desired semitransparent colors, thereby efficiently harvesting complementary wavelengths of incident light for electric power generation. Hence, our colored see-through PV cells exhibit a broad optical absorption spectrum in a photoactive layer with high efficiency, and therefore, the corresponding short-circuit current density (J sc ) values are much improved as compared with a previous demonstration based on strong interference behaviors in ultrathin a-Si layers [5] . The approach discussed here can provide the intriguing possibility of creating energy-saving ultrathin colored display technologies and decorative solar panels that can blend in with building surfaces. 
II. RESULTS AND DISCUSSION
Fig. 1(a) schematically shows a device structure of our proposed colored and semitransparent hybrid PV cells. In this design, an indium tin oxide (ITO)-coated glass substrate is used rather than a dielectric-metal-dielectric (DMD) multilayer electrode as used in our previous studies [4] , [5] since the reflection from the ITO surface is relatively lower than that from the DMD electrode, thus ensuring that a large portion of incident light energy can pass through the photoactive layer [10] - [12] . Vanadium pentoxide (V 2 O 5 ) material has high work function; therefore, it can be utilized as an efficient hole-transporting layer [13] . It also provides an antireflection (AR) coating by continuously the graded refractive index effect, ITO (n = 1.7)/V 2 O 5 (n = 2)/aSi (n = 4)). The intrinsic a-Si film can be deposited on top of the V 2 O 5 layer by using a plasma-enhanced chemical vapor deposition method, followed by two organic materials, indene-C 60 bisadduct (ICBA)/bis-adduct fullerene surfactant (C 60 surfactant), both of which can be spin-coated. ICBA serves as an efficient electron-transporting layer, while an ohmic contact can be formed by lowering the work function of the Ag cathode by the C 60 surfactant [14] , [15] . More experimental details of each layer preparation are given in the previous reports [4] , [5] . The device structure is then completed by placing an external optical microcavity comprising silver (Ag)/tungsten trioxide (WO 3 )/Ag in the cathode, which can be thermally evaporated. In Fig. 1(b) , the spectral transmittance curves of our colored PV cells at normal incidence calculated by using a transfer matrix method are shown. As the thickness of each Ag film inside the cathode is optically thin (40 nm), a variety of semitransparent colors can be produced by varying the WO 3 layer thickness. The RGB transmission colors can be created with 120, 90, and 60 nm of the WO 3 layer. It is clear that a spectral response of all RGB spectra is sharp, implying significantly improved color purity, which will be validated later. Note that the simulation is performed based on refractive indices of all the materials measured by a spectroscopic ellipsometer showing that the highest J sc can be achieved with 12 nm of the a-Si layer regardless of the ITO and WO 3 layer thicknesses. This is due to the fact that the green portion of incident light is strongly absorbed by strong resonance behaviors in 12-nm-thick a-Si film, whereas the blue part of incoming light energy is efficiently harvested by the a-Si material. Thus, the overall absorption is quite broad ranging from 400 to 600 nm.
(M-2000, J. A. Woollam), which are provided in the Supplementary Information. Fig. 2(a) -(c) present calculated contour plots of the J sc as a function of the ITO and a-Si layer thicknesses for blue (WO 3 = 60 nm), green (WO 3 = 90 nm), and red (WO 3 = 120 nm) colored PV devices. The J sc is calculated by using the following expression:
where h, e, c, λ, and I AM1.5 (λ) are Plank constant, elementary charge, speed of light, wavelength, and AM 1.5 solar radiation spectrum, respectively. It is assumed that the quantum efficiency (QE(λ)) is equal to the optical absorption spectrum in the photoactive layer, suggesting that all photons absorbed by the photoactive layer are responsible for the electric power generation, which is attributed to a significantly suppressed charge recombination arising from the ultrathin photoactive layer thickness, The strong resonance effects (bright color) in the WO 3 cavity layer are observed at 445, 540, and 645 nm for the blue-, green-, and red-colored PV cells, respectively. These resonance wavelengths match well with the peak positions of the spectral transmittance curves depicted in Fig. 1(b) . At the resonance wavelength, a portion of incoming solar radiation needs to be transmitted to produce the colors, which cannot be absorbed by the PV cells for electric power generation, thus exhibiting the weak field concentration (dark color) in the a-Si film. In contrast, the strong optical field in the a-Si layer at off-resonance wavelengths is observed, which results from the strong reflections from the Ag mirror back toward the photoactive layer, suggesting that the majority of incident light could be efficiently harvested by the PV cells.
as compared to the typical charge diffusion length of the a-Si material [16] . As can be seen from the figures, the calculated J sc value is the highest (red color in the color map) when the a-Si film thickness is ∼12 nm regardless of the ITO and WO 3 thicknesses. This is because of the fact that the strong interference effects in 12-nm thickness of the a-Si layer give rise to creating the resonance at the wavelength near the green color (∼ 550 nm). The green portion of incident light is greatly absorbed by the photoactive layer with the help of the resonance, while the a-Si material strongly absorbs the shorter wavelengths near the blue color, thus achieving a broadband absorption. It should be noted that it is difficult for the a-Si material to absorb the longer wavelengths beyond 700 nm due to its bandgap. Hence, 12 nm of the a-Si layer is used in our device structure design for attaining the high power conversion efficiency. Fig. 3(a) -(c) illustrate normalized optical field distributions of the colored semitransparent hybrid PV devices. As the thickness of the two Ag layers is 40 nm that can provide very strong reflections, it is thus expected to have a fairly good field confinement with a narrow spectral bandwidth in the WO 3 cavity layer. The strong intensity of the optical field (bright color) is observed inside the WO 3 film at 645, 540, and 445 nm for the RGB-colored PV cells, all of which correspond well to the transmission peaks depicted in Fig. 1(b) . The light at these resonance wavelengths needs to be transmitted for the color generation, which cannot be harvested by the PV cells, resulting in a reduced intensity of the optical field (dark color) in the a-Si layer. However, it is obvious that the optical fields at off-resonance wavelengths in the a-Si layer are fairly strong, suggesting that the complementary spectrum of incident solar radiation is strongly reflected back toward the photoactive layer due to the thick Ag film and then efficiently harvested by the a-Si photoactive layer to generate electric power. We note that the intensity of the optical field in the a-Si layer gets lower when the thickness of the Ag reflector decreases, which is attributed to the fact that a great portion of the incoming light is instead transmitted. More detailed studies are given in the Supplementary Information. In Fig. 4(a) -(c), calculated contour plots of the transmission as a function of the wavelength and the Ag thickness are described for the blue (WO 3 = 60 nm, resonance = 445 nm), green (WO 3 = 90 nm, resonance = 540 nm), and red (WO 3 = 120 nm, resonance = 645 nm) colored PV cells. It is apparent that the spectral bandwidth gets narrower as the Ag thickness increases due to the strong reflections from the reflector surface. Such sharp spectral resonances with highly suppressed off-resonance wavelength components are greatly beneficial to achieving high color purity. To investigate how the purity of the RGB colors is improved depending upon the thickness of the reflector in the microcavity, we evaluate the chromaticity coordinates (x, y) from the calculated transmission spectra in Fig. 1(b) , which are represented on the CIE 1931 chromaticity diagram as presented in Fig. 4(d) . The color coordinates calculated from the transmission spectrum with 20-, 30-, and 40-nm thickness of the reflector correspond to square, circle, and triangular shape, respectively. As the Ag mirror thickness increases, The blue-colored cell exhibits lower J sc than the green-and redcolored PV devices because it is necessary for the shorter wavelengths where the absorption coefficient of the a-Si material is large to be utilized to create the blue color, which cannot be harvested to generate electricity. (g) Calculated J sc values as a function of the WO 3 cavity layer and the Ag reflector thicknesses. Increasing the thickness of the Ag film allows incident solar radiation to be strongly reflected toward the photoactive layer, thereby yielding higher J sc . With the 60-nm-thick WO 3 film, the transmission resonance appears at the shorter wavelengths, which cannot be utilized for generating power, thus leading to lower J sc . the resulting color coordinates move toward the outer boundary of the chromaticity diagram, nearly approaching the spectral locus that corresponds to monochromatic light. This indicates that considerably improved color purity is achieved, which is resulting from the increased reflections of the Ag mirror surface leading to high Q-factor. The color coordinates of each colored PV cells with different thickness of the reflector as well as the LCD systems are summarized in Table I . As can be observed from the table, our proposed colored hybrid PV cells with 40-nm-thick mirror show a broader range of the color space than the color gamut obtained from the sRGB of the LCD technologies, thus implying significantly enhanced color purity of our design. It is important to note that the angle-insensitive performance of the microcavity can be achieved by either simultaneously satisfying two conditions ε metal = ε dielectric and d = λ s p 4 √ ε d ie le c t r ic required for a flat dispersion band characteristic or utilizing a phase compensating dielectric overlay [17] - [20] .
The electrical performance, in particular J sc , of the proposed colored semitransparent hybrid PV cells is investigated. Fig. 5(a) -(c) depict calculated contour plots of the optical absorption in the a-Si photoactive layer at normal incidence as a function of the wavelength and the Ag reflector thickness for the blue-, green-, and red-colored PV devices. When the thickness of the reflector in the microcavity-embedded cathode is thinner than 20 nm, the absorption in the a-Si film at a wide range of wavelengths is not significant due to the weak reflections from the Ag mirror surface. On the contrary, the resonance effect gets strong with increasing the thickness of the Ag layer, thus transmitting a narrow spectral band for the color creation and absorbing the complementary spectrum of incoming light for the energy harvesting. Fig. 5(d) describes the calculated contour plot of the absorption in the photoactive layer as a function of the wavelength and the WO 3 cavity layer thickness, given fixed Ag = 40 nm. It is clear that the first-and second-order resonances, which correspond to the low absorption in the photoactive layer (i.e., dark color), appear when the WO 3 layer thicknesses are 40 and 140 nm, respectively. We note that the optical absorptions in the a-Si layer gets small as the wavelength increases due to the bandgap of the a-Si material so that it cannot absorb the wavelengths beyond 700 nm. In Fig. 5(e) , calculated absorption spectra in the photoactive layer at normal incidence for the RGB-colored PV cells are exhibited. At the resonance wavelengths, a certain portion of incident solar radiation should be transmitted to produce the desired colors, which cannot be utilized for the energy harvesting, thereby leading to the reduced absorptions at these wavelengths. These valleys in the absorption spectra match well with the peak positions of the transmission spectra in Fig. 1(b) and also the points where the optical field is highly concentrated in the WO 3 cavity layer as shown in Fig. 3 . Considering that the thickness of the a-Si photoactive layer used in our design is only 12 nm, which is much thinner than the charge diffusion length of the a-Si material, a measured external quantum efficiency of the PV cells would be in good agreement with the calculated absorption spectra in the a-Si layer, giving rise to the highly suppressed charge recombination. It is hence expected to have a fairly high internal quantum efficiency. The estimated J sc of the RGB-colored PV devices are 6.72, 6.55, and 6.39 mA·cm −2 , respectively, showing almost twice higher values than what has been achieved in the previous demonstration [5] . It should be noted that those resulting J sc values would be the highest among previous reports on semitransparent colored PV devices to the best of our knowledge with such an ultrathin photoactive layer thickness (12 nm). Calculated J sc of the colored cells as a function of either the Ag thickness or the WO 3 thickness is presented in Fig. 5(f) and (g), respectively. Creating the resonance at the longer wavelength enables shorter wavelengths where the absorption of the a-Si material is pretty significant to be efficiently absorbed by the photoactive layer with no interruption, thus resulting in the highest J sc from the red-colored PV among the three colored PV device, as can be seen from Fig. 5(f) . In Fig. 5(g) , it is shown that 60 nm of the WO 3 cavity layer leads to the resonance at the shorter wavelength so that the PV device cannot harvest these wavelength components, yielding the lower J sc . Regardless of the device structure, the J sc increases with increasing the thickness of the Ag mirror in the cathode due to the strong reflections (i.e., high Q-factor). Although only J sc of our proposed device is studied in this paper, it is expected that the open-circuit voltage (V oc ) and fill factor (FF) of the device would be pretty similar to previously obtained values (i.e., 0.6 V and 60%) since dimension of the device structure, including the photoactive layer thickness, is almost same with our previous works [4] , [5] . We note that since the WO 3 layer is conductive to some extent, the device series resistance will increase with the thickness of the WO 3 layer, but we expect not significantly. Moreover, for PV cell application current can also be drawn directly from the bottom electrode, rather than from the metal on top of WO 3 .
III. CONCLUSION
In conclusion, we have presented microcavity-incorporated, colored, and semitransparent ultrathin hybrid PV cells with enhanced color purity and power conversion efficiency. The transmission colors can be easily tuned by changing the thickness of the WO 3 layer inside the microcavity-embedded cathode. Moreover, we have achieved doubled J sc values and much enhanced color purity as compared with the previous report, the latter of which presents a broader color space range than the sRGB color gamut of the LCD technologies. Our technique can provide new avenues for achieving numerous applications, such as PV devices harmonious with the building envelopes and highly efficient ultrathin display systems.
